Abstract. In this study, the effects of a non-resonant intense laser field and the Al-concentration on the optical rectification, second and third harmonic generation in asymmetric double quantum well are investigated within the compact density matrix approach theoretically. The results show that the intense laser field and the Al-concentration lead to significant changes in the coefficients of nonlinear optical rectification, second and third harmonic generations.
INTRODUCTION
Optical properties of semiconductor nanostructures have received considerable attention over the last 15 years [1] [2] [3] [4] [5] [6] [7] [8] [9] . In this area, it was interested in semiconductor quantum well (QW) structures which are characterized by an asymmetric double confining potential due to their potential applications in electronic and optical devices [10] [11] [12] [13] . The asymmetry of confining potential can be generated by either advanced material growing technology, such as molecular-beam epitaxy and metallicorganic chemical vapor deposition, or by the implementation of a static electric field to a nanostructure with symmetric confining potential.
Among the nonlinear optical processes in semiconductor nanostructures, attention has turned to the second-order nonlinear optical properties, such as nonlinear optical rectification (NOR) [14] [15] [16] [17] and second-harmonic generation (SHG) [18] [19] [20] and third-order nonlinear optical properties, such as thirdharmonic generation (THG) [21] [22] [23] [24] . If a quantum system show significant asymmetry, second-order nonlinear processes usually have strong magnitude than the high-order nonlinear processes.
Accordingly, impurities such as confined donors and acceptors in the QWs have been studied intensively [25] [26] [27] [28] . Several numerical methods have been developed to systematically investigate the physical properties of impurities embedded in a QW. In many current areas of the chemistry and physics, an asymmetric double quantum wells (ADQW) potential has some distinctive properties contrast to the relatively simple case of the symmetrical double QWpotential.
As known, the second order nonlinear susceptibility in a symmetric QW structure is negligible except for a small contribution from bulk susceptibility. But when the symmetry broken, non-zero contributions to the second-order nonlinear optical susceptibility are expected to appear. For example, a detailed investigation of the second harmonic generation in symmetrical and asymmetrical Gaussian potential QWs under the influence of applied electric field by using the compact-density-matrix approach and the finite difference method is given by Yuan et al. [18] and their results show that the magnitude of SHG which depend dramatically on the applied electric field and the structural parameters susceptibility can reach a large order. Electric-field-induced SHG in the asymmetrical Gaussian potential QWs is investigated by Zhai [19] using the effective mass approximation employing the compact density matrix method and the iterative approach. Mou et al. [20] show that both σ and U0, which are parameters of the asymmetrical semi-exponential QW, have great influences on the magnitude and the resonant frequency of SHG coefficients.
While the second-order susceptibility disappears due to the inversion symmetry, the third-order susceptibility has a very large increase compared with the bulk material. Therefore, for low-dimensional quantum systems without inversion symmetry, often without taking into account the third-order nonlinear optical properties, focused on only the second-order nonlinear optical properties. But, in low dimensional systems with inversion symmetry, third-order nonlinear optical properties can be taken into account. For this purpose, the THG coefficients in a QWwith hydrogenic impurity are theoretically investigated by Zhang et al. [21] with the compact-density-matrix approach and iterative method and they show that the THG coefficients are strongly affected by the hydrogenic impurity. Zhai et al. [22] show that the absolute value, the imaginary and real parts of the THG coefficients are greatly influenced by the parabolic confinement frequency and the characteristic parameter of the inverse squared potential. Niculescu et al. [23] found that an axial orientation of the field allows the third harmonic generation and that process is enhanced for a particular polarization of the incident light and a proper field strength. Mou et al. [24] show that both the amount of peaks of THG coefficients and the magnitude of peaks are significantly affected by σ and U0.
In this study, we have investigated the effects of the ILF and Al-concentration on NOR, SHG and THG in an ADQW by using the compact density matrix approach. This article is organized as follows: In Section 2, the details of the calculations are presented. In Section 3, numerical results are presented and discussed. Finally, Section 4 contains the main results of this paper.
THEORY
In this study, we have investigated the effects of ILF and Al-concentration on electronic states in a GaAs/Ga1−xAlxAs ADQW grown along the z-direction. The schematic representation of the ADQW for different ILF parameters is given in the Fig. 1 (a-c) . The method used in the present calculation is based on a non-perturbative theory developed to describe the atomic behavior in high-frequency ILFs [29] [30] [31] . Within the framework of effective mass approach, the Hamiltonian for an electron in the ADQW in the presence of ILF with linear polarization parallel to the growth direction is given by where is the electron effective mass, is the electron momentum operator, z represents the growth direction, is the laser dressing parameter, F0 is the field strength, is the non-resonant frequency of the laser field, and V(α0, z) is the 'dressed' confinement potential which is given by the following expression: After the energies and related wave functions for the Hamiltonian in Eq.(1) are obtained, by using the compact density matrix method and an iterative procedure, the expressions of NOR, SHG and THG for the ADQW system can be obtained. NOR, SHG and THG susceptibilities can be expressed respectively as follows [32, 33] :
where e is the electron charge, ρv is the electronic density, ε0 is the permittivity of the free space, is the reduced Planck constant, is the dipol matrix element, is the transition energy, (where k = 1, 2, 3) is damping term about the lifetime of the electrons involved in the transitions and ω is the frequency of the incident photons.
RESULTS AND DISCUSSION
In this study, we examined the effects of ILF andAl-concentration on NOR, SHG and THG in the In the Figs. 2 (a) and (b) , we present the energy differences as a function of the ILF and Al-concentration, respectively. Increment or decrement in the energy differences (or energy levels taken into consideration) reflects the geometrical confinement due to the variation of the effective well width (L) with the effect of ILF: as α0 increases, bottom width of the well decreases while the top width increases. The variation of energy differences versus ILF provide the necessary information for the physical description of the characteristics of NOR, SHG and THG. As Al concentration increases, the potential barrier and accordingly energy levels increase. However, the increase in the upper energy levels is more than the increase in the level of the ground state energy. Fig. 2 The energy differences as a function of (a) the ILF parameter and (b) Al-concentration. In the Figs. 3 , we show the NOR as a function of photon energy for different values of the ILF parameter and Al-concentration. As ILF parameter increases, we can see in Fig. 3(a) that NOR shows a blue-shift. The reason for this is the change of μ10, δ10 and E10 values as ILF parameter increases. At the same time, the peak value of NOR firstly increases and then decreases as ILF parameter increases and the maximum peak is seen at α0 = 50Å. In Fig. 3(b) , NOR has been reported as a function of the incident photon energy for different values of Al-concentration. As the Al-concentration increases, NOR clearly shifts to the high energies (blue-shift). The main causes of this blue shift are the change of the parameters μ10, δ10 and E10. However, as the Al-concentration increases, the peak value becomes lower. The spectrum of the SHG for different values of the ILF parameter and the Al-concentration is given in the Figs. 4 (a) and (b) , respectively. Fig. 4(a) shows that SHG is shown graphically corresponding to photon energy for three different values of the ILF parameter. This figure shows that SHG has two peaks which are located in the vicinity of and for each value of the ILF taken into consideration. As ILF parameter increases, the resonance peak of SHG firstly shifts to the higher energies (blue-shift) and then shifts to the lower energies (red-shift). In addition, the magnitude of the resonance peak of SHG also firstly increases and then decreases depending on the ILF parameter. The cause of the above results is as follows: As ILF increases, firstly, the narrow well (Lw2) becomes shallow, larger well becomes narrow and extending of the ground state wave function decreases while extending of wave functions in the upper states increase. Therefore, the magnitude of the resonance peak of SHG firstly increases and then geometric confinement becomes weak, extending of the all wave functions increase, thus the magnitude of the resonance peak of SHG is reduced. Fig. 4(b) shows the SHG coefficient versus the incident photon energy for different values of the Al-concentration. As the Al-concentration increases, resonance peaks of SHG shift to the blue with decreasing the magnitude. Figs. 5 (a) and (b) show the variation of the THG coefficients as a function of the incident photon energy for different α0 values and the Al-concentrations, respectively. From these figures, it can be seen that: (i) As α0 increases, the magnitude of the resonance peak firstly increases and then decreases which is related to the dipole moment matrix elements μ10, μ21, μ32 and μ30 and the peak of THG coefficient firstly shifts to the blue and then shifts to the red. (ii) Increment in the Al-concentration creates amendments in the THG coefficient; especially for x = 0.3 the magnitude of the THG increases more than that of NOR and SHG (it should be noted that; the curves for x = 0.3 and x = 0.4 are multiplied by 10 −1 and 10 2 , respectively), and the peak position of the THG shifts to the blue with increasing Al-concentration. 
CONCLUSIONS
As a result, based on the density matrix approach, NOR, SHG and THG coefficients of the GaAs/Ga1−xAlxAs ADQW were analyzed theoretically for different Al-concentrations and non-resonant ILF values. Our results show that it is possible to identify either red or blue shifts in the resonant peak positions of the NOR, SHG and THG coefficients resulting from the variation of ILF intensity and the Al concentration. As a result, we can tune the electronic structure and main optical properties of the
